Many prefrontal cortex (PFC)-dependent tasks require individual neurons to fire persistently in response to brief stimuli. Persistent activity is proposed to involve changes in intrinsic properties, resulting in an increased sensitivity to inputs. The dendrite is particularly relevant to this hypothesis because it receives the majority of synaptic inputs and is enriched for conductances implicated in persistent firing. We provide evidence that dendritic conductances contribute to persistent activity-related changes in intrinsic properties. The effects of Group 1 metabotropic glutamate receptor (mGluR) activation on persistent activity-related properties were tested in two classes of rat L5 neurons with distinct membrane properties: those projecting to the pons (CPn) and those projecting across the commissure to the contralateral cortex (COM). mGluR activation produced long-term changes in the subthreshold properties of CPn, but not COM neurons. These changes were indicative of a decrease in hyperpolarization-activated cation nonselective current (I h ) at the soma and dendrite. mGluR activation also transiently increased the amplitude of the postburst slow afterdepolarization potential (sADP) at the soma of both neuron types. Interestingly, the sADP occurred along the extent of the apical dendrite in CPn and COM neurons. Simultaneous somatic/dendritic recordings revealed that the dendritic sADP does not result solely from passive propagation of the somatic sADP. Focal mGluR activation in L5, near the soma or at the border of L1/L2, near the tuft, generates a local sADP. This dendritic depolarization may act synergistically with synaptic input to regulate mnemonic activity in PFC.
Introduction
The prefrontal cortex (PFC) is involved in the temporal organization of information to guide future and ongoing behavior (Fuster, 2001 ). Consequently, the PFC is necessary for behaviors that rely on this ability, including working memory, decision-making, and goal-directed behavior (Goldman-Rakic, 1995; Miller, 2000; Rich and Shapiro, 2007, 2009) . PFC involvement in these tasks appears to involve the ability of individual pyramidal neurons to fire persistently in response to transient stimuli (Funahashi et al., 1989; Jung et al., 1998; Pasupathy and Miller, 2005) . Understanding the mechanisms of persistent activity is important for developing treatments for possible PFC-related disorders (e.g., see Egan and Weinberger, 1997; Bremner et al., 1999; Courchesne and Pierce, 2005; Fineberg et al., 2009; Goldstein and Volkow, 2011) .
Persistent activity is thought to involve changes in the input/ output properties of pyramidal neurons by at least two nonmutually exclusive mechanisms. The first involves the postburst afterdepolarization (sADP) and can result in the transformation of transient input into self-sustained persistent activity (Schwindt et al., 1988; Haj-Dahmane and Andrade, 1998; Hasselmo and Stern, 2006; Sidiropoulou et al., 2009 ). In the second, the integrative properties of the cell are enhanced through downregulation of the hyperpolarization-activated cation nonselective current (I h ; Wang et al., 2007) . The dendrite is particularly relevant to both mechanisms because it is where the bulk of inputs arrive and is enriched for I h (Williams and Stuart, 2000) .
Assessing these putative persistent activity mechanisms is complicated by evidence that the physiological properties of L5 neurons depend on their long-range projection targets (Christophe, 2005; Molnár and Cheung, 2006; Hattox and Nelson, 2007; Otsuka and Kawaguchi, 2008; Dembrow et al., 2010; Sheets et al., 2011; Avesar and Gulledge, 2012) . In the medial PFC (mPFC), we have identified two classes of L5 neurons with distinct membrane properties (Dembrow et al., 2010) . Neurons projecting subcortically to the pons (CPn) have membrane properties that endow them with I h -dependent resonance, whereas neurons projecting across the commissure (COM) are nonresonant. Furthermore, neurotransmitter systems have distinct effects on these projection classes, highlighting the general possibility that the effect of neuromodulation depends on the projection type.
We tested the effects of metabotropic glutamate receptor (mGluR) activation, which has been reported to modulate the sADP and subthreshold membrane properties (Greene et al., 1994; Brager and Johnston, 2007; Sidiropoulou et al., 2009 ), on the somatic and dendritic properties of both classes of neurons. We find that mGluR activation causes long-term changes in subthreshold membrane properties exclusively in CPn neurons. These subthreshold changes occur in the dendrite and soma and are consistent with a decrease in I h . We also observe an sADP along the extent of the apical dendrite (from the soma to the start of the tuft) in both neuron types. This sADP can be generated locally in the soma or dendrite and may act synergistically with changes in passive properties to influence mnemonic processes.
Materials and Methods
Bead infusions. All procedures involving animals were approved by the University of Texas at Austin Institutional Animal Care and Use Committee. Male Sprague Dawley rats 8 -14 weeks old were anesthetized with isoflurane (1-4% mixed in oxygen) and prepared for stereotaxic injection of red retrograde transported fluorescent-labeled microspheres (Lumafluor). Beads were injected into the pons (left or right; 7.4 mm posterior, 1.1 mm lateral, 9.8 mm ventral to bregma) or mPFC (left or right; 2 injections: 2.5-3.5 mm anterior, 0.8 mm lateral, and 4 -4.4 mm ventral to bregma) using a glass pipette (10 -15 m diameter tip) connected to a Nanoject II auto-nanoliter injector (Drummond Scientific) at a rate of 23 nl/s. Pons injections consisted of three 50.6 nl injections at the same location delivered every 10 s. mPFC injections consisted of two 50.6 nl injections at two different locations separated by 5 min. For all injections, the pipette was left in place for 5 min before removing it from the brain. Rats were given analgesics (carprofen; 5 mg/kg) and recovered for at least 2 d before their use in physiological experiments.
Slice preparation. Male Sprague Dawley rats 8 -15 weeks old were anesthetized with a ketamine (100 mg/kg)/xylazine (10 mg/kg) mixture and were perfused through the heart with ice-cold saline consisting of the following (in mM): 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 7 dextrose, 205 sucrose, 1.3 ascorbate, and 3 sodium pyruvate (bubbled with 95% O 2 /5% CO 2 to maintain pH at ϳ7.4). Brains were removed, and a blocking cut was made ϳ3 mm posterior to bregma at an angle of ϳ11°off coronal to maintain the plane of the dendrites within the slice. A vibrating tissue slicer (Vibratome 3000, Vibratome) was used to make 300-m-thick coronal sections. Slices were cut in ice-cold saline that was identical to the saline used during the perfusion. Slices were subsequently held for 30 min at 35°C in a chamber filled with artificial CSF (aCSF) consisting of (in mM) as follows: 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 2 MgCl 2 , 10 -12.5 dextrose, and 3 sodium pyruvate (bubbled with 95% O 2 /5% CO 2 ) and then at room temperature until the time of recording.
Whole-cell recordings. Recordings were made from L5 pyramidal neurons in the anterior cingulate or prelimbic regions of mPFC. Slices were placed in a submerged, heated (32-34°C) recording chamber that was continually perfused (1-2 ml/min) with bubbled aCSF identical to the holding aCSF, except that it contained slightly more KCl (3 mM) and less MgCl 2 (1 mM; the holding aCSF contained different concentrations of these compounds to decrease the possibility of spontaneous activity/ plasticity). With the exception of a few simultaneous soma and dendrite whole-cell recordings, the following receptor antagonists were added to the recording aCSF (in M) as follows: 50 D,L-APV, or 25 D-APV, 20 DNQX, 5 CGP, 2 gabazine, and 1 atropine. Slices were viewed with either a Zeiss Axioskop using differential interference contrast optics or a twophoton laser-scanning microscope (Leica SP5 RS) using Dodt contrast. Bead-labeled neurons or Alexa-594-filled neurons were visualized using either two-photon excitation at 840 nm or through the use of a mercury lamp and a 540 nm/605 nm excitation/emission filter set. Simultaneous soma and dendrite recordings were made by first patching the soma of a L5 neuron with a pipette containing . This permitted the dendrite to be visualized and subsequently patched with a second pipette using simultaneous Dodt contrast and fluorescence microscopy. Patch pipettes (4 -8 M⍀) were pulled from borosilicate glass and filled with an internal recording solution consisting of (in mM) as follows: 120 K gluconate, 16 KCl, 10 HEPES, 8 NaCl, 7 K 2 phosphocreatine, 0.3 Na-GTP, and 4 Mg-ATP (pH 7.3 with KOH). For a subset of experiments, K gluconate was replaced with 120 mM K methylsulfate. Neurobiotin (Vector Laboratories; 0.1-0.2%) was also included for histological processing. For all experiments involving dendritic recordings and some experiments involving somatic recordings, Alexa-594 (15-40 M; Invitrogen) was also included in the internal recording solution to determine the recording location. Alexa-filled neurons were visualized only upon termination of the recording when excited with a mercury lamp or with low laser power when excited with 2-photon microscopy. For experiments in which 20 mM 4K-BAPTA was included in the recording pipette, the concentration of Kgluconate was reduced to 40 and 60 mM sucrose was added to maintain osmotic balance.
Data were acquired using a Dagan BVC-700 (Dagan) amplifier and custom data acquisition software written using Igor Pro (Wavemetrics) or a Multiclamp 700B (Molecular Devices) amplifier and AxoGraph X (AxoGraph Scientific) data acquisition software. Data were acquired at 10 -50 kHz, filtered at 5-10 kHz, and digitized by an ITC-18 (InstruTech) interface. Pipette capacitance was compensated, and the bridge was balanced before each recording. Series resistance was monitored throughout each experiment and was 10 -25 M⍀ for somatic recordings and 13-40 M⍀ for dendritic recordings. Voltages are not corrected for the liquid-junction potential (estimated as ϳ12 mV based on relative ionic mobilities and charge).
Pressure application of DHPG. Focal application (puffing) of 200 M R,S-DHPG was accomplished with a large diameter glass pipette (10 -15 m) positioned ϳ20 m above the slice directly over the soma or at the beginning of the tuft of the recorded neuron. DHPG was dissolved in the standard recording aCSF and 100 M Fast Green (Fisher) was added to monitor the spread of the puffing solution. Low pressure, 1 s puffs spread ϳ150 m in the axis of the main apical dendrite and caused little tissue movement. Puffing the recording aCSF alone during somatic (n ϭ 3) or dendritic (n ϭ 3, range 315-495, mean 377 Ϯ 59 m from soma) wholecell recordings did not significantly affect the sADP (⌬ sADP postpuff, dendrite ϭ Ϫ0.02 Ϯ 0.15 mV; soma ϭ 0.12 Ϯ 0.05 mV). To examine the stability of the sADP, we applied 1 s puffs of DHPG to the soma every 90 s upon break-in while recording at the soma. There was no difference in the peak amplitude of the first versus last sADP (n ϭ 4, first ϭ 3.6 Ϯ 0.98 mV, last 3.5 Ϯ 1.2 mV, p ϭ 0.94, paired t test).
Data analysis. Data were analyzed using either custom analysis software written in Igor Pro or using AxoGraph X. Input resistance (R N ) was calculated from the linear portion of the current-voltage relationship generated in response to a family of 1000 ms current injections (Ϫ150 to ϩ50 pA, 20 pA steps). The maximum and steady-state voltage deflections were used to determine the maximum and steady-state R N , respectively. Voltage sag and rebound slope were also calculated from the voltage response to this same family of current injections. Voltage sag was defined as the ratio of maximum to steady-state R N . Rebound slope was calculated from the slope of the rebound amplitude as a function of steady-state membrane potential. The functional membrane time constant was defined as the slow component of a double-exponential fit of the average voltage decay in response to alternating depolarizing and hyperpolarizing current injections (200 -400 pA, 1-2 ms). Resonance was determined from the voltage response to a constant amplitude sinusoidal current injection that linearly increased in frequency from 1 to 15 Hz in 15 s. The impedance amplitude profile (ZAP) was constructed from the ratio of the fast Fourier transform of the voltage response to the fast Fourier transform of the current injection. The peak of the ZAP was defined as the resonant frequency. Input-output plots were constructed by plotting the number of spikes in response to a family of 750 ms current injections (50 -350 pA, 20 pA steps). The peak and integral of the slow after-hyperpolarization (AHP) and sADP were measured in response to trains of 5, 1, or 2 ms current injections (1.5-3 nA). Each spike protocol was administered three times. If persistent activity was observed following any of these protocols, the neuron was considered to have fired persistently. The sADP was defined as the difference in the average membrane potential 50 ms before the onset of the stimulus and the peak voltage deflection after the burst of spikes. The sADP during baseline conditions was measured at the same time point as the peak sADP during DHPG application. The AHP was defined as the minimum voltage after the spike train. The passive propagation of slow ADP-like events from the soma to dendrite was calculated by injecting a double-exponential current waveform through the somatic electrode and measuring the voltage response at the soma and dendrite. The rise time of the current injection was adjusted to approximate the kinetics of the sADP for each cell.
For recordings from nonlabeled neurons, the presence or absence of resonance was used to classify neurons into projection types. Based on previous observations (Dembrow et al., 2010) , neurons were classified as CPn-type if they displayed membrane resonance (Ͼ2.2 Hz), whereas neurons were classified as COMtype if they did not (Ͻ2.2 Hz). Labeled neurons are referred to as CPn and COM, whereas unlabeled or mixed datasets are referred to as CPn-type and COM-type. This classification scheme is especially relevant for dendritic recordings, where the presence of Alexa-594 in the recording pipette made it difficult to identify the presence of Lumafluor beads at the soma.
Repeated-measures ANOVA (RM-ANOVA), mixed-factors ANOVA, and post hoc t tests were used to test for statistical differences between experimental conditions. Bonferonni correction was used to correct for multiple comparisons. Pearson's product moment correlation was used to test for statistically significant correlations between variables. Error bars represent SEM. Statistical analyses were performed in Igor or Excel. Data are presented as mean Ϯ SEM.
Drugs. All drugs were prepared from concentrated stock solutions in water (gabazine, atropine, DNQX, ZD7288, R,S-DHPG, D-APV), equivalent NaOH (D, L-APV; LY367385) or DMSO (MPEP, CGP55845; final concentration of DMSO Յ 0.1%) as appropriate. DHPG stocks were made fresh weekly. All drugs were obtained from Ascent scientific/Abcam Pharmaceutical.
Results

mGluR-mediated slow afterdepolarization in CPn and COM neurons
Electrogenesis, in the form of a slowly developing after depolarization (sADP) after bursts of action potentials, is implicated in persistent firing (Schwindt et al., 1988; Haj-Dahmane and Andrade, 1996, 1998; Egorov et al., 2002; Hasselmo and Stern, 2006; Hagenston et al., 2007; Yoshida et al., 2008; Sidiropoulou et al., 2009; Dembrow et al., 2010; Gee et al., 2012) . Muscarinic acetylcholine receptor (mAChR) activation induces an sADP that is larger in CPn compared with COM neurons. Furthermore, CPn neurons are more likely to fire persistently than COM neurons upon cholinergic modulation (Dembrow et al., 2010) . Because Group 1 mGluRs and mAChRs are both G q protein-coupled receptors that activate similar signaling cascades (Anwyl, 1999; Krause et al., 2002) , we tested whether mGluR activation (1) induces a larger sADP in CPn compared with COM neurons and (2) produces persistent activity in CPn neurons more often than COM neurons. To test these hypotheses, we injected trains of brief depolarizing current pulses at the soma of both neuron types to elicit either single or bursts of 5 action potentials (20 and 50 Hz) from a membrane potential of Ϫ60 mV before and after a 10 min bath application of the Group 1 mGluR agonist, DHPG (20 M; Fig. 1 ). In a subset of experiments, the 10 min bath application was followed by a 30 min washout to test for long-term effects.
In contrast to mAChR activation, the effect of mGluR activation on the sADP was similar in CPn and COM neurons (Fig. 1) . In both CPn (n ϭ 12) and COM (n ϭ 10) neurons, the peak sADP amplitude was dependent on the number/frequency of action potentials (CPn and COM, p Ͻ 0.001; RM-ANOVAs) with both burst protocols producing a larger sADP than a single action potential ( Fig. 1 A, B ; CPn and COM, p Ͻ 0.01; post hoc compar- Figure 1 . Group 1 mGluR activation produces an sADP in CPn and COM neurons. A, CPn and COM neurons were driven to fire single or bursts of action potentials from a common membrane potential (Ϫ60 mV) before and after a 10 min application of 20 M DHPG. B, In both CPn (n ϭ 12) and COM (n ϭ 10) neurons, the amplitude of the sADP increased after DHPG application (CPn, p Ͻ 0.001, RM-ANOVA; COM, p Ͻ 0.001, RM-ANOVA). For both cell types, the burst protocols produced a larger sADP than a single action potential. *p Ͻ 0.001 ( post hoc comparisons). The effect of DHPG on the sADP was not statistically different in CPn versus COM neurons ( p ϭ 0.1, mixed ANOVA). The sADP during baseline conditions was measured at the same time point as the peak of the sADP during DHPG application. C, The area of the AHP was larger in COM neurons compared with CPn neurons during baseline conditions ( p Ͻ 0.001, mixed ANOVA). *p Ͻ 0.01 ( post hoc comparisons).
isons). There was no statistical difference in the amplitude of the sADP in CPn compared with COM neurons ( p ϭ 0.1; mixed ANOVA). The effects of DHPG on the sADP were short-term in that they fully reversed after 30 min of washout in both neuron types (data not shown; CPn, n ϭ 4, ⌬ ϭ 0.22 Ϯ 0.36; p ϭ 0.56; COM, n ϭ 4, ⌬ ϭ Ϫ0.03 Ϯ 0.05, p ϭ 0.30; baseline vs post 30 min washout, RM-ANOVA). The same pattern of results was observed for the integral of the sADP (data not shown). We observed persistent activity in CPn neurons, albeit rarely (5 of 12 neurons), but more often than in COM neurons (1 of 10 neurons) upon mGluR activation (see Fig. 4 ). Finally, we observed an sADP (50 Hz, CPn ϭ 1.52 Ϯ 0.14 mV, n ϭ 3; COM ϭ 2.13 Ϯ 0.54, n ϭ 3) and persistent activity (CPn ϭ 1 of 3; COM ϭ 1 of 3) after the application of DHPG in both neuron types with a K methylsulfate based internal.
Group 1 mGluR activation has also been reported to modulate K ϩ currents that mediate the AHPs that follow bursts of action potentials on the scale of tens to thousands of milliseconds (Greene et al., 1994; Mannaioni et al., 2001; Sourdet et al., 2003; Young et al., 2004; Hagenston et al., 2007 ). We thus also tested for differences in the effects of DHPG on the AHP in CPn versus COM neurons. Under baseline conditions, CPn and COM neurons displayed an AHP that was dependent on the number/frequency of action potentials ( 
mGluR-mediated modulation of subthreshold membrane properties in CPn versus COM neurons
Persistent activity has also been proposed to involve a decrease in I h that results in the strengthening of PFC networks (Wang et al., 2007) . To test whether mGluR activation produces changes in I h , we compared several I h -sensitive physiological measurements (Hutcheon et al., 1996; Hutcheon and Yarom, 2000; Hu et al., 2002; Poolos et al., 2002; Robinson and Siegelbaum, 2003; Nolan et al., 2004; Brager and Johnston, 2007; Narayanan and Johnston, 2007, 2008) (R N, voltage sag, rebound potential, and resonance) before and 30 min after a 10 min bath application of 20 M DHPG in both neuron types. In CPn neurons (n ϭ 11), DHPG produced an increase in R N within the first 10 min of application ( p Ͻ 0.001; post hoc comparison vs baseline) that persisted through washout ( p Ͻ 0.001; post hoc comparison vs baseline; Fig. 2A-C) . There was also a decrease in sag, rebound, and resonance after washout ( Fig. 2B-E ; p Ͻ 0.001; paired t tests). In contrast, in COM neurons (n ϭ 9), there was no significant change in R N within the first 10 min of DHPG application or after washout (both p Ͼ 0.05; post hoc comparisons vs baseline; Fig.  2A-C) . Furthermore, there were no changes in sag, rebound, or resonance ( Fig. 2B-E ; p Ͼ 0.05, paired t tests). In a subset of experiments, we monitored resting membrane potential (RMP) throughout the 10 min DHPG application and 30 min washout. In CPn neurons, DHPG produced a hyperpolarization of the RMP that persisted through 30 min of washout (Fig. 2 A, F ; n ϭ 7, p Ͻ 0.001, baseline vs peak change; p ϭ 0.03, baseline vs post 30 min; post hoc comparisons). In contrast, DHPG produced a depolarization of the RMP in COM neurons that was reversed by 30 min of washout (Fig. 2 A, F ; n ϭ 4, p ϭ 0.009, baseline vs peak change; p ϭ 0.71 baseline vs post 30 min; post hoc comparisons). Together, these data suggest that Group 1 mGluR activation results in a long-lasting decrease in I h in CPn, but not COM neurons.
We next tested whether the apparent decrease in I h in CPn neurons affects action potential generation in response to depolarizing current injections, as has been reported in other neuron types (Brager and Johnston, 2007) . We measured the number of action potentials evoked by a family of depolarizing current injections from a common membrane potential (Ϫ65 mV) in both CPn (n ϭ 9) and COM (n ϭ 9) neurons before and 30 min after the 10 min application of 20 M DHPG (Fig. 3) . DHPG produced a statistically significant increase in the number of action potentials evoked by a given current injection in CPn ( p Ͻ 0.001, RM-ANOVA) but not COM neurons ( p ϭ 0.11, RM-ANOVA; Fig. 3A ). However, there was no increase in spike generation after DHPG application in CPn neurons when measurements were made from RMP (n ϭ 7, p ϭ 0.25, RM-ANOVA; Fig. 3B ). This suggests that, in terms of spike generation, the increased R N observed upon DHPG application in CPn neurons is offset by hyperpolarization of the RMP. Furthermore, because measurements were made 30 min after the end of the application of DHPG, the increase in spike generation observed at Ϫ65 mV is unlikely attributable to conductances involved in the sADP.
Finally, we provided additional, pharmacological evidence that (1) the short-and long-term changes we observed are mediated by Group 1 mGluRs and (2) the long-term changes we observed in CPn neurons involve changes in I h . In the continued presence of the mGluR 5 blocker MPEP (40 M) and the mGluR1 blocker LY367385 (50 M), DHPG did not produce significant changes in the subthreshold properties of CPn neurons ( Fig. 4A ; p Ͼ 0.1, paired t tests). MPEP and LY367385 also blocked the DHPG-induced increase in the sADP in CPn (50 Hz; DHPG, 2.90 Ϯ 0.31 mV; DHPG and LY367385 ϩ MPEP, 0.75 Ϯ 0.11 mV, p Ͻ 0.001 independent samples t test) and COM neurons (50 Hz; DHPG, 3.12 Ϯ 0.43 mV; DHPG and LY367385 ϩ MPEP, 1.02 Ϯ 0.17 mV, p Ͻ 0.001 independent samples t test; Fig. 4B ). Furthermore, when the Ca 2ϩ chelator BAPTA (20 mM) was included in the recording pipette, DHPG failed to produce significant changes in the subthreshold properties of CPn neurons ( Fig. 4A ; all p Ͼ 0.1, paired t tests). DHPG also failed to produce changes in the subthreshold properties of CPn neurons when the HCN channel (the channel that conducts I h ) blocker ZD7288 (10 M) was included in the recording pipette ( Fig. 4A ; all p Ͼ 0.25, paired t tests). Interestingly, applying DHPG in the presence of ZD7288 produced a larger sADP in both cell types compared with DHPG alone (CPn, p ϭ 0.001; COM, p ϭ 0.02, paired t tests; Fig. 4B) . With ZD7288 present, we also observed more persistent firing after DHPG application compared with DHPG alone, perhaps because of the larger amplitude of the sADP (Fig. 4C) .
Together, these data suggest that Group 1 mGluR activation produces changes in L5 mPFC pyramidal neurons consistent with two putative mechanisms of persistent activity. mGluR activation produces long-lasting changes in the sub- Arrows indicate the relevant times at which measurements were made for subsequent panels. The sADP was measured during the 10 min post-DHPG time point. B, Sample voltage responses to a family of current injections before and 30 min after a 10 min application of DHPG. R N , sag, and rebound were calculated from these voltage responses. C, DHPG produced an increase in R N and a decrease in sag and rebound in CPn neurons. There were no changes in these measurements in COM neurons. *p Ͻ 0.001 (paired t test). D, Sample voltage responses to a chirp stimulus current injection. These responses were used to create the impedance amplitude profiles (ZAPs) shown at the right. The peak of the ZAP is the resonant frequency. E, DHPG produced a decrease in resonance in CPn neurons, whereas resonance in COM neurons remained 1 Hz. All I h -related measurements were made at Ϫ65 mV. *p Ͻ 0.001 (paired t test). F, DHPG produced a long-lasting hyperpolarization of the RMP in CPn neurons and a transient depolarization of the RMP in COM neurons. The peak change refers to the peak change in RMP at any time during the DHPG application and washout. *p Ͻ 0.05 ( post hoc comparisons to baseline RMP).
been reported to produce Ca 2ϩ waves in the apical dendrite of L5 pyramidal neurons (Larkum et al., 2003; Hagenston et al., 2007) . These waves are associated with the sADP at the soma, leaving open the possibility that the sADP has a dendritic component. For these reasons, we asked whether there is a dendritic contribution to the mGluR-mediated short-and long-term changes we observed at the soma.
The intrinsic membrane properties of L5 dendrites have been reported previously (Berger et al., 2001 ). However, heterogeneity in these properties depending on the projection target remains unexplored. Thus, before testing the effects of mGluR activation, we first tested whether the distinct membrane properties of CPn versus COM neurons observed at the soma (Christophe, 2005; Otsuka and Kawaguchi, 2008; Dembrow et al., 2010; Sheets et al., 2011; Avesar and Gulledge, 2012) extend to the dendritic compartment. Because the fluorescent marker we used to label CPn and COM neurons is restricted to the soma, we patched L5 dendrites at various distances from the soma, blind to the projection target of the cell (Fig. 5A) . Inclusion of Alexa-594 in the recording pipette permitted us to trace the dendrite back to the L5 soma upon termination of the recording. Recordings revealed two populations of L5 dendrites: (1) those with membrane properties similar to CPn neurons at the soma (CPn-type; n ϭ 43) and (2) those with membrane properties similar to COM neurons at the soma (COM-type; n ϭ 28). At RMP, CPn-type dendrites displayed a distance-dependent decrease in R N (r 2 ϭ 0.22, p ϭ 0.001) and an increase in rebound (r 2 ϭ 0.53, p Ͻ 0.001), membrane resonance (r 2 ϭ 0.53, p Ͻ 0.001; Fig. 5 B, C) , and sag (r 2 ϭ 0.53, p Ͻ 0.001; data not shown). RMP also became more depolarized with distance from the soma (r 2 ϭ 0.53, p Ͻ 0.001; data not shown). In contrast, in the COM-type dendrite R N (r 2 ϭ 0.07, p ϭ 0.18), rebound (r 2 ϭ 0.07, p ϭ 0.18), resonance (r 2 ϭ 0.10, p ϭ 0.10; Fig. 5 B, C), sag (r 2 ϭ 0.12, p ϭ 0.07; data not shown), and RMP (r 2 ϭ 0.01, p ϭ 0.90; data not shown) were not distance dependent. However, we cannot rule out the possibility that there are subtle distance-dependent differences in these measurements within single neurons (see, e.g., simultaneous soma/dendrite recordings in the subsequent paragraph).
To confirm that these two populations of dendrites belong to CPn and COM neurons, we compared the subthreshold membrane properties of the dendrite to the soma in both neuron types using simultaneous somatic/dendritic whole-cell recordings (Fig. 6A) . In CPn-type neurons (Fig. 6 B, C ; n ϭ 15, range ϭ 130 -550 m, mean ϭ 359 Ϯ 35 m distance between recording locations), R N at the dendrite was significantly lower than at the soma and the dendrite had more rebound, resonance, and sag (sag not shown; soma 1.15 Ϯ 0.02, dendrite 1.33 Ϯ 0.05; all p Ͻ 0.02, paired t tests) compared with the soma. In contrast, in COM neurons (Fig.  6 B, C ; n ϭ 12, range ϭ 80 -450 m, mean ϭ 241 Ϯ 34 m distance between recording locations), there was slightly more rebound in the dendrite compared with the soma ( p ϭ 0.005, paired t test), but no difference in sag (soma 1.02 Ϯ 0.01, dendrite 1.03 Ϯ 0.01; data not shown), R N , or resonance (all p Ͼ 0.40; paired t tests). RMP was more depolarized in the dendrite compared with the soma in both neuron types (CPn, soma Ϫ65.99 Ϯ Figure 3 . Effect of Group 1 mGluR activation on action potential generation in L5 prefrontal neurons. A, CPn and COM neurons were driven to fire action potentials in response to a series of depolarizing current injections (50 -350 pA, 20 pA steps) from a common membrane potential (Ϫ65 mV) before and 30 min after a 10 min DHPG application. DHPG produced a statistically significant increase in the number of spikes to a given current injection in CPn ( p Ͻ 0.001, RM-ANOVA), but not COM neurons ( p ϭ 0.11, RM-ANOVA *p Ͻ 0.003 ( post hoc comparisons). B, Same experimental design as in A, except that cells were driven to fire action potentials from their RMP ( p ϭ 0.25, RM-ANOVA).
0.72 mV, dendrite Ϫ62 Ϯ 0.03 mV; COM, soma Ϫ66.62 Ϯ 1.00 mV, dendrite Ϫ61.69 Ϯ 1.11; data not shown; p Ͻ 0.01, paired t test). In a subset of experiments, we also compared the functional membrane time constant at the soma versus the dendrite. Interestingly, the functional membrane time constant was faster in the dendrite compared with the soma in both CPn (data not shown; n ϭ 8, soma 26.88 Ϯ 1.83 ms, dendrite 9.44 Ϯ 1.62 ms; p Ͻ 0.001, paired t test) and COM neurons (data not shown; n ϭ 5, soma 36.68 Ϯ 2.33 ms, dendrite 17.44 Ϯ 1.17 ms; p ϭ 0.003, paired t test). Nevertheless, these data show that the distinct membrane properties of CPn versus COM neurons observed at the soma (Christophe, 2005; Otsuka and Kawaguchi, 2008; Dembrow et al., 2010; Sheets et al., 2011; Avesar and Gulledge, 2012) extend to the dendritic compartment. Furthermore, they suggest that the subthreshold membrane properties of COM neurons are relatively uniform across the extent of the main apical dendrite, whereas CPn neurons appear to have an increasing gradient of I h .
mGluR modulation of dendritic properties
Changes in dendritic I h are hypothesized to contribute to the strengthening of mnemonic persistent activity (Wang et al., 2007) . We therefore tested whether Group 1 mGluR activation affects I h -related subthreshold membrane properties in CPn and COM dendrites. Using single-electrode whole-cell recordings from the dendrites (Fig. 7A ), we measured I h -related physiological properties in CPn-type (n ϭ 7, range 90 -425 m, mean 242.85 Ϯ 43.23 m from soma) and COM-type (n ϭ 4, range 100 -180 m, mean 128.75 Ϯ 17.84 m from soma) dendrites before and 30 min after a 10 min application of 20 M DHPG. In CPn-type dendrites, Group 1 mGluR activation resulted in an increase in R N and a decrease in rebound, resonance, and sag ( Fig.  7 B, C; sag not shown; baseline ϭ 1.31 Ϯ 0.10, DHPG ϭ 1.14 Ϯ 0.06; p Ͻ 0.02, paired t tests). In contrast, in COM-type dendrites, there was no significant change in these same parameters after DHPG application (Fig. 7 B, C; sag not shown; baseline ϭ 1.05 Ϯ 0.01, DHPG ϭ 1.05 Ϯ 0.01; p Ͼ 0.13, paired t test). Thus, in the dendritic compartment, like the soma, Group 1 mGluR activation produces a change in subthreshold membrane properties of CPn neurons but not COM neurons. mGluR activation evokes Ca 2ϩ waves that can be initiated in the apical dendrite of L5 neurons (Larkum et al., 2003) . Because Ca 2ϩ waves are associated with the generation of the sADP (Hagenston et al., 2007), we next tested whether the sADP can be evoked locally in the dendritic compartment. As a first test of this hypothesis, we made whole-cell recordings at various distances from the soma in CPn-type (n ϭ 18, range 90 -425 m, mean 244 Ϯ 22 m from soma) and COM-type dendrites (n ϭ 11, range 55-305 m, mean 154 Ϯ 21 m from soma). The sADP . There were also no changes when 20 mM BAPTA or 10 M ZD7288 was included in the recording pipette. Similar results were obtained for sag and rebound (data not shown). *p Ͻ 0.001 (paired t test). B, MPEP (40 M) and LY367385 (50 M) largely prevented DHPG-mediated changes in the sADP in both cell types. Inclusion of ZD7288 (10 M) in the recording pipette produced a larger sADP than control conditions. Data are from bursts of 5 action potentials at 50 Hz. Similar data were obtained for a single or burst of action potentials at 20 Hz (data not shown). *p Ͻ 0.05 (paired t test). #p Ͻ 0.05 (independent sample t test, Bonferroni corrected). In 9 of 12 CPn neurons and 4 of 8 COM neurons, the sADP could be measured after DHPG application in the ZD7288 condition. The remaining neurons fired persistently on each trial of the sADP test. C, Including 10 M ZD7288 in the recording pipette also increased the propensity of both cell types to fire persistently in the presence of DHPG.
was measured in response to a train of local current injections that evoked 5 spikes at 50 Hz before and 10 min after the application of 20 M DHPG. Group 1 mGluR activation resulted in an increase in the sADP in both CPn (2.04 Ϯ 0.21 mV after DHPG; p Ͻ 0.001, paired t test) and COM (4.15 Ϯ 0.54 mV after DHPG; p Ͻ 0.001, paired t test), neuron types at all measured distances from the soma ( Fig. 8 ; similar results were obtained when considering the integral of the sADP; data not shown). There was a statistically significant decrease in the sADP with distance from the soma in COM-type dendrites (r 2 ϭ 0.43, p ϭ 0.03), but not CPn-type dendrites (r 2 ϭ 0.04, p ϭ 0.40). These data establish that Group 1 mGluR activation produces a measurable sADP in the dendritic compartment of both CPn and COM neurons.
To gain insight into the origin of the dendritic sADP, we compared the sADP at the dendrite to the soma using simultaneous somatic and dendritic whole-cell recordings from CPn-type (n ϭ 9, range 130 -501 m, mean 266 Ϯ 36 m between recording sites) and COM-type neurons (n ϭ 6, range 85-305 m, mean 191 Ϯ 29 m between recording sites; Fig. 9A ). After a 10 min bath application of DHPG (20 M), we measured the somatic and dendritic sADP evoked by a burst of 5 spikes at 50 Hz driven by either somatic or dendritic current injection (Fig. 9B) . The peak amplitude of the sADP at either recording location (soma or dendrite) did not depend on the site of current injection (soma or dendrite) in either cell type (data not shown; all p Ͼ 0.12; post hoc comparisons). Furthermore, for both neuron types, the amplitude of the somatic sADP was slightly larger, or in some cases no different, from the dendritic sADP, regardless of the site of current injection (CPn-type, somatic injection, p ϭ 0.02; CPn-type dendritic injection, p ϭ 0.009; COM-type, somatic injection, p Ͻ 0.001; COM-type, dendritic injection, p ϭ 0.02; post hoc comparison; Fig. 9C,E) .
The small difference in the somatic versus dendritic sADP suggests that the sADP may not simply be passively propagated from the soma to dendrite. To test this hypothesis, we asked whether the difference in the size of the sADP at the dendrite compared with the soma could be explained by passive attenuation. To estimate the passive attenuation of slow events from the soma to dendrite, we injected a current waveform through the somatic electrode to mimic the sADP and measured the response at the soma and dendrite (Fig. 9D) . The attenuation of the response to the waveform was greater than the difference in the somatic versus dendritic sADP, regardless of the location of current injection (CPn, p ϭ 0.025; COM, p Ͻ 0.002; post hoc comparisons; Fig. 9E ). The location dependence of this phenomenon is shown in Figure 9F , where the percentage difference of the Figure 5 . Distance-dependent subthreshold membrane properties of layer 5 dendrites. A, Dendritic recordings at RMP were obtained at various distances from the soma in L5 neurons. We observed two classes of L5 dendrites: those with membrane properties consistent with CPn neurons at the soma (CPn-type) and those with membrane properties consistent with COM neurons at the soma (COM-type). B, In CPn-type dendrites, R N and rebound slope decreased with distance from the soma (both p Ͻ 0.001, Pearson's product moment correlation). Conversely, in COM-type dendrites, these measurements were distance independent (both p ϭ 0.18, Pearson's product moment correlation). Sample voltage sweeps from which R N and rebound were calculated are shown at left. C, Resonance increased with distance from the soma in CPn-type dendrites ( p Ͻ 0.001, Pearson's product moment correlation), whereas resonance was ϳ1 Hz in COM-type dendrites at all distances sampled ( p ϭ 0.10, Pearson's product moment correlation). Sample voltage sweeps and ZAPs in response to a chirp stimulus for each cell type are shown at left. Average values for R N , rebound, and resonance from somatic recordings in 12 COM neurons and 13 CPn neurons are also plotted for comparison. Dotted lines represent linear regression fits. R 2 values are reported in the text. Arrows indicate the sample recordings. Red data points denote instances where Lumafluor beads could be clearly identified at the soma. The presence of Alexa-594 in the recording pipette rendered this difficult.
sADP from the passive case is plotted as a function of distance from the soma.
These data provide evidence that mGluR activation produces a measurable sADP at both the soma and dendrite of CPn and COM neurons. Furthermore, it seems that the sADP is not simply passively propagated from the soma to dendrite. This leaves at least two nonmutually exclusive possibilities: (1) the sADP is actively propagated from the soma to the dendrite; and (2) the sADP can be generated locally at multiple sites.
We tested the latter possibility by puffing DHPG (200 M) in L5, near the soma, or at the L1/L2 border, near the start of the tuft, while recording from the soma or the dendrite (Fig.  10 ). The puff was followed 3.5 s later by a train of current injections to elicit five spikes at 50 Hz. For somatic recordings, Group 1 mGluR activation in L5 near the soma evoked an sADP in both CPn (n ϭ 6; p ϭ 0.002; post hoc comparison) and COM neurons (n ϭ 6; p ϭ 0.008; post hoc comparison; Fig.  10 A, B) . The effect of mGluR activation on the sADP was transient; the size of the sADP was not different from baseline conditions within 1 min of DHPG application in both CPn (⌬ ϭ 0.18 Ϯ 0.17, p ϭ 0.74; post hoc comparison) and COM neurons (⌬ ϭ 0.32 Ϯ 0.24 p ϭ 0.64; post hoc comparison; data not shown). In the same experiments, there was no measurable sADP at the soma when DHPG was puffed in L1 (Fig. 10 A, B ; CPn, p ϭ 0.74; COM, p ϭ 0.86; post hoc comparisons). These data show that Group 1 mGluR activation near the soma, but not near the apical tuft of L5 neurons, evokes an sADP at the soma.
To test whether local Group 1 mGluR activation can evoke an sADP in the dendrite, we obtained whole-cell recordings from the dendrite of CPn (n ϭ 7, range 320 -450 m, mean 375 Ϯ 16 m from soma) and COM (n ϭ 5, range 200 -440 m, mean 350 Ϯ 44 m from soma) neurons (Fig. 10C) . In this case, puffing DHPG at the L1/L2 border increased the amplitude of the sADP in both CPn ( p ϭ 0.004; post hoc comparison) and COM ( p ϭ 0.02; post hoc comparison) neuron types (Fig. 10C,D) . Similarly, puffing DHPG at the soma, in most cases, produced an sADP at the dendritic recording site in both neuron types (CPn, p ϭ 0.003; COM, p ϭ 0.008; post hoc comparisons; Fig. 10C,D) . The effect of mGluR activation at the dendrite was transient (CPn, ⌬ ϭ 0.54 Ϯ 0.16, p ϭ 0.08; COM, ⌬ ϭ 0.03 Ϯ 0.17, p ϭ 0.95; post hoc compar- Figure 6 . The distinct membrane properties of CPn versus COM neurons at the soma extend to the dendrites. A, Simultaneous somatic and dendritic whole-cell recordings were made from CPn-type and COM-type neurons at RMP. B, Voltage was measured at the soma and dendrite in response to local current injection. Sample voltage responses are shown at left. In CPn neurons, the dendrites had a lower R N and more rebound compared with the soma. In COM neurons, R N was high at both the soma and dendrite, and there was a little more rebound at the dendrite compared with the soma. C, In CPn neurons, the dendrite was more resonant than the soma, whereas in COM neurons the soma and dendrite were both nonresonant. Sample voltage responses and ZAPs to a chirp stimulus are shown for each cell type. *p Ͻ 0.01 (paired t test).
ison, 1 min post DHPG vs baseline), and there was no statistical difference in the sADP produced by L1/2 versus L5 puffing (CPn, p ϭ 0.80; COM, p ϭ 0.26; post hoc comparisons). These data demonstrate that the activation of Group 1 mGluRs in the dendrite produce a local dendritic sADP.
Discussion
We have provided evidence that there is a dendritic contribution to two putative mechanisms of persistent activity in L5 mPFC pyramidal neurons. Group 1 mGluR activation produced long-term changes in the subthreshold membrane properties of CPn, but not COM neurons. These changes are consistent with a decrease in I h and are observed at both the soma and apical dendrite. Additionally, mGluR activation transiently increases the amplitude of the sADP in CPn and COM neurons. We observed an sADP along the extent of the main apical dendrite, from the soma to the start of the tuft. Although the dendritic sADP was slightly smaller than the somatic sADP, this difference was less than the difference ob- Figure 8 . mGluR-mediated sADP in the dendrites of L5 neurons. Whole-cell recordings were obtained from CPn-type (n ϭ 18) and COM-type (n ϭ 11) neurons at various distances from the soma. A burst of 5 spikes was evoked by brief depolarizing current pulses at the dendritic recording location before and after a 10 min DHPG (20 M) application. A DHPG-mediated sADP was observed at every recording location in both cell types. Sample sADPs for each cell type are shown below. The average somatic sADP amplitude for 12 CPn neurons and 10 COM neurons is also plotted for reference (same data as Fig. 1) . Figure 7 . Group 1 mGluR-mediated modulation of subthreshold membrane properties in L5 dendrites. A, I h -related measurements were made from CPn-type (n ϭ 7) and COM-type dendrites (n ϭ 4) before and 30 min after a 10 min application of 20 M DHPG. B, In CPn-type dendrites, DHPG produced an increase in R N and a decrease in rebound. There were no statistically significant changes in these measures in COM-type dendrites. Sample voltage sweeps from which R N and rebound were calculated are shown at left. C, Voltage sweeps and their respective ZAPs in response to a chirp stimulus in CPn-type versus COM-type dendrites before and 30 min after a 10 min application of DHPG. DHPG produced a decrease in resonance in CPn neurons, whereas COM neurons remained nonresonant. *p Ͻ 0.02 (paired test). Measurements were made at Ϫ60 mV. Figure 9 . The sADP is not simply passively propagated from the soma to the dendrite. A, Simultaneous whole-cell dendritic and somatic recordings were obtained from CPn-type and COM-type neurons. B, In the presence of 20 M DHPG, current was injected either at the soma or dendrite to evoke 5 spikes at 50 Hz. The sADP was measured simultaneously at the (Figure legend continues.) served for signals passively propagated from the soma. Thus, the sADP at the dendrite does not solely reflect passive attenuation of the sADP from the soma. Perhaps most importantly, local activation of mGluRs bestow the soma or dendrite the ability to generate an sADP.
Projection-specific dendritic membrane properties L5 pyramidal neurons have distinct membrane properties, intracortical connectivity, and morphology depending on their longrange projection target (Christophe, 2005; Molnár and Cheung, 2006; Morishima, 2006; Hattox and Nelson, 2007; Otsuka and Kawaguchi, 2008; Brown and Hestrin, 2009; Anderson et al., 2010; Dembrow et al., 2010; Sheets et al., 2011; Avesar and Gulledge, 2012) . Based on these observations, it has been proposed that L5 pyramidal neurons can be segregated into two classes: those projecting solely within the telencephalon (e.g., COM neurons; intratelencephalic [IT] ) and those with projections outside of the telencephalon (Reiner, 2010; Shepherd, 2013) (e.g., CPn neurons; pyramidal tract [PT] ). We have extended these findings to show that the two projection classes have distinct dendritic membrane properties. Specifically, the different subthreshold membrane properties of CPn/PT versus COM/IT neurons observed at the soma (Christophe, 2005; Molnár and Cheung, 2006; Otsuka and Kawaguchi, 2008; Dembrow et al., 2010; Sheets et al., 2011; Avesar and Gulledge, 2012; Gee et al., 2012) extend to the dendritic compartment. CPn neurons display membrane resonance at the dendrite and soma. In contrast, COM neurons display little or no resonance at the soma and dendrite. Furthermore, the subthreshold membrane properties of CPn neurons are consistent with an increasing gradient of I h with distance from the soma. This is consistent with evidence that HCN1 subunit expression and I h increase with distance from the soma in some L5 neurons (Williams and Stuart, 2000; Berger et al., 2001; Lörincz et al., 2002; Atkinson and Williams, 2009; Breton and Stuart, 2009 ). In contrast, COM neurons have I hdependent membrane parameters that are relatively uniform across the extent of the apical dendrite. How these distinct membrane properties influence synaptic integration and the transfer of dynamic signals to the soma remains an important question for future studies.
What accounts for differences in subthreshold membrane properties in CPn/PT versus COM/IT neurons? One possibility is 4 (Figure legend continued. ) soma and dendrite at RMP. C, The amplitude of the sADP was larger at the soma compared with the dendrite regardless of the location of current injection (CPn, p ϭ 0.01; COM, p ϭ 0.01, RM-ANOVA). *p Ͻ 0.02 ( post hoc comparisons). D, A current waveform was injected through the somatic electrode to measure the passive attenuation of slow sADP-like events. E, The attenuation of the response to the waveform was greater than the difference in the amplitude of the sADP at the soma compared with the dendrite (CPn, p ϭ 0.003; COM, p ϭ 0.002, RM-ANOVA). *p Ͻ 0.025 ( post hoc comparisons). F, The percentage difference of the attenuation of the sADP relative to the attenuation of the response to the waveform is plotted as a function of distance between the recording locations for both cell types. that CPn/PT neurons express HCN channels whereas COM/PT neurons do not. However, the HCN channel blocker ZD7288 produces changes in the subthreshold properties of both neuron types at the soma (Dembrow et al., 2010) and dendrite (our unpublished observations). Thus, both neuron types appear to express I h . An alternative explanation is that differences in HCN channel composition/expression contribute to the distinct subthreshold membrane properties of CPn versus COM neurons. This is conceivable as the subunit composition of HCN channels (i.e., HCN1 vs HCN2) greatly influences the kinetics of I h (Santoro et al., 2000; Chen et al., 2001) . Furthermore, the expression of HCN1 mRNA is greater in PT compared with IT neurons (Sheets et al., 2011; but see Christophe et al., 2005) . Finally, differences in the gradient of HCN channels along the dendrite may contribute to the different membrane properties observed in CPn versus COM neurons. Additional experiments are required to determine how differences in the expression of I h and other currents contribute to the distinct subthreshold membrane properties of CPn/PT versus COM/IT neurons.
Projection-specific modulation of membrane properties in L5 neurons
In addition to possessing different membrane properties, CPn/PT and COM/IT neurons respond distinctly to various neurotransmitter systems (reviewed in Shepherd, 2013). The activation of ␣2a noradrenergic receptors, mAChRs, and D2-dopamine receptors appears to have a larger effect on CPn/PT compared with COM/IT neurons (Gee et al., 2003; Dembrow et al., 2010; Sheets et al., 2011) . In contrast, D1-dopamine receptor activation appears to only affect COM/IT neurons, whereas 5-HT receptor activation has opposite effects on the two projection classes (Avesar and Gulledge, 2012; Seong and Carter, 2012) . Here, we show that mGluR activation has similar effects on the sADP in COM versus CPn neurons, yet only CPn neurons displayed long-term changes in subthreshold membrane properties. Thus, the same neurotransmitter can evoke similar or divergent effects, depending on the membrane property in question, in CPn versus COM neurons.
Our data are also, to our knowledge, the first demonstration that I h decreases in the dendrites of prefrontal neurons after the activation of a neurotransmitter system implicated in working memory (Homayoun et al., 2004; Homayoun and Moghaddam, 2010) . The modulation of I h is thought to be essential for the generation of persistent activity (Wang et al., 2007) . Somatic whole-cell recordings have shown that there is a decrease in I h after the activation of neurotransmitter systems important for persistent activity in vivo (Carr et al., 2007; Dembrow et al., 2010) . Because I h is enriched in the dendrite (Magee, 1998; Williams and Stuart, 2000; Atkinson and Williams, 2009; Breton and Stuart, 2009) , these changes are proposed to occur in the dendritic compartment. Consistent with this, we show that I h -related membrane properties, including resonance, which reflects local I h (Narayanan and Johnston, 2007, 2008) , change in the main apical dendrite of CPn neurons after mGluR activation.
Dendritic mGluR activation generates Ca 2ϩ waves along the extent of the main apical dendrite of cortical pyramidal neurons (Larkum et al., 2003) . The amplitude of the sADP at the soma depends on whether the Ca 2ϩ wave invades the soma (Hagenston et al., 2007) . We expand these findings to show that there is an sADP in the dendrite of CPn and COM neurons upon mGluR activation. This dendritic sADP is not simply passively propagated from the soma and can be evoked via local activation of mGluRs. Given that we failed to see an sADP at the soma after mGluR activation in the dendrite, the dendritic sADP may attenuate greatly as it spreads to the soma. Alternatively, it is possible that action potentials fail to propagate to the dendrite sufficiently to generate an sADP. Whether Ca 2ϩ waves, backpropagating action potentials, and/or local regenerative events contribute to the generation and propagation of dendritically initiated sADPs remain intriguing questions.
Functional relevance
Although it remains to be seen whether synaptically evoked glutamate produces similar effects, there are several possible functional consequences of the mGluR-mediated changes we have described. Persistent activity has been proposed to involve both cell autonomous and network-related mechanisms. Downregulation of I h is implicated in strengthening networks of reciprocally connected neurons (Wang et al., 2007) , whereas the sADP has been proposed to contribute to self-sustained single-cell persistent activity (Schwindt et al., 1988; Haj-Dahmane and Andrade, 1998; Hasselmo and Stern, 2006; Sidiropoulou et al., 2009) . Our data suggest that mGluR activation can engage both types of mechanisms; therefore, persistent activity may involve cell autonomous and network mechanisms. Because subthreshold changes were restricted to CPn neurons, one implication of our work is that mGluR activation is involved in strengthening CPn/PT networks in particular. This possibility is especially intriguing in light of evidence that CPn/PT pairs display a higher rate of reciprocity than COM/IT pairs (Morishima et al., 2011) . Our results also suggest a novel role for the downregulation of I h in the generation of persistent activity. Blocking I h increased the sADP and the occurrence of self-sustaining, single-cell persistent activity. This suggests that, in addition to enhancing integration, downregulating I h may increase the likelihood of persistent activity through its effect on the sADP. This hypothesis may provide insight into how multiple neurotransmitter systems converge to modulate persistent activity. In this framework, mGluR (or mAChR) activation is responsible for generating an sADP. Coincident ␣2a noradrenergic receptor activation would increase the probability of generating persistent activity through its indirect effects on the sADP via modulation of I h .
Currently, the functional consequences of a sustained dendritic depolarization are purely speculative. At the soma, the sADP can convert subthreshold events into suprathreshold spiking (Sidiropoulou et al., 2009) . Synaptic inputs arriving coincidentally with the dendritic sADP may be similarly enhanced and contribute to spiking at the soma. Assuming that the sADP at the dendrite, like at the soma (Greene et al., 1994) , increases in amplitude with depolarization, synaptic inputs arriving during the sADP could further reinforce this phenomenon. In this way, the sADP may represent an interval in which the neuron is especially sensitive to inputs arriving in the main apical dendrite. The ability of inputs arriving at different layers to enhance the sensitivity of the dendrite represents an intriguing, yet untested, possibility.
